In this study, we developed a micropyramid array electrode that facilitates contact between a nitrocellulose membrane and electrode, which is important to realize a quantitative and sensitive electrochemical detection system for immunochromatography. We evaluated the micropyamid array electrode with our newly developed detection system that can measure contact forces between a membrane and electrode, and also investigated the relationship between redox current and contact forces. By using normal pulse voltammetry, we observed higher reduction currents over a flat surface electrode at lower contact forces with the micropyramid array.
Introduction
Several kinds of immunosensors have been developed and commercialized for the detection of various kinds of biomarkers. 1 However, they do not meet requirements that would make them suitable for quantitative detection of all types of biomarkers. For example, we are interested in quantitative detection of reproductive hormones such as estrogen, progesterone, and luteinizing hormones (LH) of cattle. Measurements of these hormones are of special importance for effective production and easy monitoring. LH temporally and rapidly increases just before ovulation in what is called the LH surge. 2 The detection of the LH surge is very important to estimate the optimal artificial insemination period and to improve the conception rate. Measuring estrogen and progesterone levels is useful to estimate the date of calving, 3, 4 which helps farmers in achieving safe calving. In animal husbandry, the immunosensor needs to be compact and portable for ease of transport to the fields and ease of use by the farmers. Moreover, the measurement time and cost should be short and economical. Immunochromatography is one of the most inexpensive, simple and rapid bioanalytical devices used for such purposes. However, it is not suitable for direct quantitative detection of a few biomarkers. 5 Recently, an electrochemical detector has been combined with paper-based microfluidics for quantitative detection of biomarkers. 6, 7 In this technique, electrodes printed on disposable paper are commonly used. 7 However, such electrodes become wasteful because of the disposal of paper and that adds to the total cost of the system. Some researchers have tried to separate the parts of electrode and immunoassay. [8] [9] [10] In such case, the contact between the nitrocellulose membrane and electrode becomes important to improve the sensitivity.
In this regard, we tried to fabricate a micropyramid array electrode by employing the microelectromechanical systems (MEMS) process that facilitates contact between the membrane and electrode. Further, we compared the sensitivities of a micropyramid array electrode and a flat surface electrode by measuring redox species laterally flowing through the nitrocellulose membrane.
Experimental

Reagents and apparatus
Photoresist OFPR 800LB and its developer NMD-3 were purchased from Tokyo Ohka Kogyo Co., Ltd. (Tokyo, Japan). Another photoresist AZ 5214E and its remover AZ Remover 700 were purchased from AZ Electronic Materials (Tokyo, Japan) for the lift-off process. Ag/AgCl ink was purchased from BAS Inc. (Tokyo Japan) for the reference electrode. Nitrocellulose membrane (Hi-Flow TM Pluse, HF135) and absorbent pads (Sure Wick ® ) were purchased from Merck Millipore Co., Ltd. (Massachusetts, USA). Potassium ferricyanide [K3Fe(CN)6] was purchased from Sigma-Aldrich Co. LLC. (Tokyo, Japan). Electrochemical analyzer ALS 630D (BAS Inc.) was used in all electrochemical measurements. Load cell CLS-10NA (Tokyo Sokki Kenkyujo Co., Ltd., Tokyo, Japan) was used to measure the contact force between the electrode and membrane. The 3D printer Blade-1 (Hotproceed Inc., Fukuoka, Japan) was used to fabricate some parts of the electrochemical detection system.
Maskless lithography equipment with digital mirror-array device (DMD) was used for lithography.
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Induced coupled plasm (ICP) dry etching apparatus EIS-700 (Elionix Inc., Tokyo, Japan), electron beam vapor deposition equipment (Cosmo-system, Fukuoka, Japan), and thermal oxidation apparatus (Liner Co., Ltd., Tokyo, Japan) were employed in the microfabrication of the micropyramid array.
Micropyramid array-based electrode for electrochemical detection
Micropyramid array structures were fabricated by the MEMS fabrication technique at the sensing zone with 5 mm length ( Fig. S1 , Supporting Information). Briefly, a photoresist mask was patterned and it was subjected to deep-RIE with SF6 and C4F8 gases resulting in a silicon microperiodic structure. SiO2 layer was formed by thermal wet oxidization followed by Cr/Au layer deposition and the lift-off process, yielding the working electrode (WE) and counter electrode (CE). The reference electrode (RE) was patterned by Ag/AgCl ink. We designed the electrochemical chip with dimensions of 11.5 mm width, 20 mm length, and 0.5 mm thickness to fit in the universal serial bus (USB) connector of the ALS 630D. RE (Ag/AgCl), WE (Au) and CE (Au) were arranged on the electrochemical chip at 0.5 mm intervals. The width of RE and WE were 1 mm, that of CE was 2 mm. In addition, Cr/Au deposited SiO2-flat surface serving as a flat surface electrode was also fabricated to compare the sensitivity with the pyramid array structure. Figure 1 shows the experimental setup and a schematic of cross sectional view of the combined system of electrochemical chip and membrane. The electrochemical chip was inserted to the USB connector and the other end of the USB was connected to the ALS 630D. The electrochemical chip was sandwiched between PDMS block of 5 × 8 mm 2 square and 4 mm thickness and PDMS sheet of 17 × 17 mm 2 and 1 mm thickness. Further, they were sandwiched between a polylactic acid (PLA) holder and plate fabricated with the Blade-1 (Fig. S2 , Supporting Information). These PLA holder and plate are pressed by screwing the pinchcock. By tuning the pinchcock adjustment, we carefully assembled the micropyramid array structure and nitrocellulose membrane at the desired contact. The contact force between electrode and membrane was monitored with the load cell CLS-10NA placed on the PLA holder.
Electrochemical measurements
The above assembled detection system was used for electrochemical measurements, which recorded the currents by dipping the upstream side of the nitrocellulose membrane into a reaction mixture that was placed in a 96-well plate. The reaction mixture containing 1 mmol L -1 K3Fe(CN)6 and 3 mol L -1 KCl solution was stored in a reservoir. We conducted normal pulse voltammetry (NPV) and differential pulse voltammetry (DPV) of K3Fe(CN)6 that was laterally flowing through the membrane. In the beginning, we conducted NPV at the initial contact condition of the nitrocellulose membrane and electrode (0.4 N), and continued electrochemical measurements step-wise with an increment of 0.2 N contact force step up to 1.0 N and also tested 2.0 N contact force. We measured NPV at each contact force three times. In another experiment, we measured DPV of K3Fe(CN)6 at a concentration ranging from 100 nmol L -1 to 10 mmol L -1 at low contact force (0.4 N). The NPV and DPV were conducted by sweeping potential from 0.5 to 0.1 V under the following condition: incremental potential = 4 mV, pulse width = 50 ms, sample width = 20 ms, and for DPV, pulse amplitude = 50 mV.
Results and Discussion
Micropyramid array electrode
We succeeded in the fabrication of three shapes of micropyramid array electrodes by changing the step-wise shape of grayscale optical profile of lithography as shown in Figs. 2(a) -2(c) . Smoother surface pyramids and step-wise pyramids were obtained by varying the number of steps of grayscale lithography. For example, Figs. 2(a) and 2(b) are with 10 steps and with 5 steps, respectively. Needle shaped grayscale profile produced micropyramids with a needle at the top with a diameter of 500 nm and height of 1.5 μm (Fig. 2(c) ). These results demonstrated the advantage of DMD lithography over conventional mask based lithography because of its versatility and economical device fabrication. 11 The micropyramid array that was used in the electrochemical experiment is shown in Fig. 2(a) . The bottom area of a single micropyramid was 20 × 20 μm 2 and its height was 12 μm. A total of 50 × 250 micropyramid structures were arranged at 20 μm pitch in a single electrode (1 × 5 mm 2 ). The overall image of the electrochemical chip is shown in Fig. 2(d) . Figure 3 (a) shows a representative normal pulse voltammogram of 1 mmol L -1 K3Fe(CN)6 derived from a micropyramid array electrode and flat electrode at contact force of 0.4 N. There was a 1.56-fold limiting reduction current using the micropyramid array electrode compared with the current at flat electrode. Figure 3(b) depicts the limiting reduction current of K3Fe(CN)6 at different contact forces (0.4 to 2.0 N) between the nitrocellulose membrane and electrode using the micropyramid structure and flat surface. When the contact force was 0 N, there was no current from both the electrodes, which indicates insufficient contact between the micropyramid array electrode and nitrocellulose membrane (data not shown). Application of certain contact force that enables the contact between electrode and membrane allows the measurement of redox current. The micropyramid array electrode showed the highest limiting current of 50.7 μA at 0.6 N contact force, the current decreased gradually up to 1.0 N (41.5 μA), and became saturated with increasing contact force of 2.0 N (40.7 μA). The reduction current was more than 1.5-fold higher than for the flat electrode up to 0.6 N contact force (Fig. 3(b) ) with percentage coefficient of variation (%CV) of 1.5 -3.5% as against 3.7 -6.9% of flat electrode. The higher limiting currents of the micropyramid array electrode (12 μm height) used in this experiment was attributed to its surface area, which is nearly 1.5 times larger than that of a flat electrode. This result is consistent with the theory represented by the Cottrell equation. 12 Further it is also understood from the results that soft contact was established with the micropyramid array structure at low contact force where the tip of the micropyramid could pierce into the nitrocellulose membrane, which resulted in an improvement in the contact area. At a contact force of 1.0 N, the difference of limiting current between pyramid array and flat surface slightly decreased. This is because higher contact forces damaged the micropyramid structure, which is confirmed from the SEM observation of the electrode after an experiment (Fig. S3 , Supporting Information) that led to reduction in the surface area of the micropyramid. In addition, the time required to flow the redox species through the membrane was longer than usual due to obstruction of the capillary action at higher contact forces. These results suggested that contact force between electrode and membrane should be low. Therefore, using the micropyramid structure has the advantage of increasing the sensitivity to redox species at a low contact force.
Relationship between contact force and reduction current of potassium ferricyanide
Concentration dependency of K3Fe(CN)6 on the reduction peak current of DPV was observed at a contact force of 0.4 N (Fig. 4) . The reduction peak current showed linearity from 10 μmol L -1 to 10 mmol L -1 . On the other hand, there was no apparent reduction peak current at 100 nmol L -1 and 1 μmol L -1 concentration. The current detection limit was 10 μmol L -1 , which could be applied for immunoassay of hormones (e.g. estrogen). Detection sensitivity can be further increased by adopting a nanocarbon film electrode, which has been reported to lower the background noise level, 13 instead of the gold electrode used in this study. In addition, the shape and aspect ratio of the microstructure could further improve the sensitivity of the electrochemical detection system.
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Conclusions
We developed a compact electrochemical chip with a micropyramid array electrode that can easily be assembled to a commercially available electrochemical analyzer. We also reported construction of an integrated electrochemical detection system that realized soft contact between the electrochemical chip and nitrocellulose membrane. Further, we compared the sensitivity of the micropyramid array electrode with a flat electrode to redox species laterally flowing through the membrane. The micropyramid array electrode showed higher reduction currents over a flat electrode, and the current was even higher at low contact forces (< 0.6 N), which was attributed to the increased surface area of the pyramid array. We are currently optimizing shapes and aspect ratios of microstructures to further increase sensitivity and to extend this system for immunochromatography to detect biomarkers quantitatively.
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Supporting Information
The MEMS fabrication process of a micropyramid array electrode using grayscale lithography, the photographs of an integrated electrochemical detection system, and SEM image of a damaged micropyramid are available free of charge on the Web at http://www.jsac.or.jp/analsci/. 
